LMSC-D057194

.'-'ﬂ

UNSTEADY AERODYNAMIC
Fi.OW FIELD ANALYSIS OF THE
SPACE SHUTTLE CONFIGURATION

Part lll: UNSTEADY AERODYNAMICS OF
BODIES WITH CONCAVE NOSE GEOMETRIES

by
Lors E. Ericsson and J. Peter Reding

April 1976

Prepared Under Contract NAS 8-30652
for
National Aeronautics and Space Administration 4

(INASA-CR-144334) UNSTEADY AERODYNAMIC FLOw :
HC $4.50 -

FIELD ANALYSIS OF THE SPACE SHUTTLE A o
CONFIGURATION. PART 3: UNSTEADY §!
UNCL AS Y

AERQDYNAMICS OF BOD1ES WITH CONCAVE NOSE
GEOMETRIES (LOCKHEED MISSILES AND SPACE CCe.) GBII§ 42206

{.é/ -~ .
il

/ZW MISSILES and SPACE COMPANY, INC.

SUNNYVALE, CALIFORNIA




LMSC-D057194

UNSTEADY AERODYNAMIC FLOW FIELD
ANALYSIS OF THE SPACE SEUTTLE CONFIGURATION

Part IMl: UNSTEADY AERODYNAMICS OF BODIES WITH
CONCAVE NOSE GEOMETRIES

by
Lars E. Ericsson and J. Peter Reding
April 1978

Prepared Under Contract NAS 8-30652
Dor

National Aeronautics and Space Administration

Yockheed Missiles & Spacc Company, L.
A Subsidiery of Lockheed Aircraft Corporation
Sunnyvale, California

LOCKHEED MISSILES & SPACE COMPANY. INC.

Sra -

P






o Ppumg

i -

DR At st
: i

PRI

LMSC-D057194

ABSTRACT

An analysis of the unsteady aerodynamics of bodies with concave nose geometrics
has been performed. The results show that the experimentally observed pulsating
flow on spiked bodies and in forward facing cavities can be described by the developed

simple mathematic model of the phenomenon.

Static experimental data is used as a basis for determination of the oscillatory
frequency of spike~induced flow pulsations. The agreement between predicted and
measured reduced frequencies is in general very good. The spiked~body mathematical
model is extended to describe also the pulsations observed in forward facing cavities
and it is shown that not only can the frequency be predicted but also the pressure time
history of the pulsation phenomenon can be described with the accuracy needed to
predict the experimentally observed time average effects. This implies that it should
be possible to determine analytically what the impact of the flow pulsation is on the
structural integrity of the nozzles on the jettisoned empty SRM-shells.
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Section 1
INTRODUCTION

According to present plans the Solid Rocket Motors (SRM's) of the space shuttle
launch vehicle are to be jettisoned after burnout and recovered for renewed usage
(Ref. 1). Consequently, wind tunnel tests have been made of the SRM's in the com-
plete angle of attack range 0 < a =< 180° (Ref. 2). Recent tests (Ref. 3) showed
that the SRM could have a stable trim point when it was "flying L..ckward' at super-
sonic speed, and that discontinuous changes of the aerodynamic characteristics occur
in that a-range, 140° < o < 180° (Fig. 1). The discontinuous flow change is associ-
ated with a-~hysteresis and pulsating unsteady flow (Fig. 2), all characteristics that
have been observed on spiked bodies. Consequently, the spiked body analysis per-
formed earlier, when determining the effect of the escape rocket on the Apollo-
Saturn launch vehicles (Refs. 4-7), has been reexamined. New analytic methods have
been developed which can predict the frequency at which large scale spike-induced
oscillatory or pulsatory flow occurs. This analytic tool has been applied, after some
modification, to obtain an assessment of the frequency at which flow pulsations occur
on forward facing cavities, e.g., the SRM-rocket nozzle. A simple formulation of
the pressure time history during one pulsation cycle has also been suggested which
provides time average results that agree well with the experimentally observed dis-
continuous changes in the static aerodynamic characteristics of the SRM rockets.,

1-1
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Section 2
DISCUSSION

Kabelitz (Refs. 8 and 9) has performed a thorough theoretical and experimental
investigation of the unsteady flow on biconic concave nose geometries. He shows how,
when the spike is lengthened, the pulsating flow phenomenon (Fig. 3a) is transformed
to another unsteady flow geometry (Fig. 3b), which he calls "oscillations' and Album
(Ref. 10) has referred to as "flexions.”" Kabelitz also discusses a third form of flow
unsteadiness, ''vibrations,' which occur when the spike is lengthened further (Fig. 4).

2.1 Causes of Flow Unsteadiness

Maull (Ref. 11) explained the pulsating flow occi.:rence in the following simple
manner. When the external flow Ue can be turned by an attached conical shock, a
steady flow condition exists (see top half of Fig. 5). Maull computed the largest
spike length that would allow this attached conic shock for various shoulder radii on
the flat cylinder face. He found that this critical geometry agreed rather well with
the experimentally established boundary between stable and pulsatory flow (Fig. 6).
When the required flow turning angle is larger than what can be accomplished by such
an attached conical shock, a detached strong shock is formed which causes most of
the shear layer to be turned back into the recirculatory region (see bottom half of
Fig. 5). As a result the recirculatory region starts to grow and the pulsating flow
is established.

It may seem overly simplistic to use this purely inviscid flow concept to deter-
mine when a viscous flow phenomenon starts. However, Elfstrom (Ref. 12) has used
the same concept to determine when incipient separation starts in high Reynolds
number flow; it starts when the required flow turning angle exceeds that allowing an
attached oblique or conic shock., Bogdonoff et al (Ref, 13) show that Elfstrom's

simple inviscid concept agrees better with ¢ verimental data than other more involved
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mathematical models (e.g., Ref. 14), The same simple inviscid flow concept also
predicts when shock-induced separation will occur on a delta wing at supersonic
speeds; it occurs when the leading edge shock becomes detached, thereby creating an
embedded supersonic flow region, that is terminated by a normal shock, which usually
will be strong enough to cause the boundary layer to separate (Refs. 15-17).

Kabelitz (Ref. 8) speculates that the reasoning behind Maull's criterion for flow
unsteadiness was that the flow aft of the reattachment shock(s) (aft of WE in Fig. 6)
goes subsonic, which of course almost coincides with the shock detachment event
(Ref. 18). Kabelitz (Ref. 8) has himself performed a more elaborate analysis. The
stationary closed separated flow domain is assumed known, defined by available ex-
perimental data. The stability boundaries for this closed separated flow region are
determined using a linear perturbation analysis in which the "unknowns" are lumped
into one global damping parameter (A U). It is shown that the boundary between oscil-
latory and pulsating flow is rather insensitive to the value of this parameter A u’
and tkat the predicted boundary agrees well with that determined experimentally#.
However, the boundary between stable and oscillatory flow cannot be determined be-~

cause it is very much dependent on the unknown value of the damping parameter }‘U'
2.2 Determination of Oscillation Period

Frames b through f in Figure 3a show how the recirculatory region grows as
a result of the free shear layer being turned back into the recirculatory region by
the strong (reattachment) shock. When the front of this growing separated flow region
reaches the spike tip the separation region collapses and is "spilled" downstream over
the cylinder shoulder in the form of a ring vortex (Ref. 19). The recirculatory flow
build-up then starts all over again as is shown in frame a of Figrire 3a., Thus, the

time period for one ¢ycle of pulsation is composed as follows.

T = LS/UOO + LS/Uu (1)

#The analysis is limited lo pointed, concave, biconic forebodies.

2-2
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Uu is the mean upstream convection velocity of the mass flow added to the
recirculatory region by the strong reattachment shock interaction. After reaching the
spike tip the separated flow region is "spilled" downstream with the free stream

velocity.

The Strouhal number defined by Eq. (1) is

Lg I
s P N i 2)
S 0

-

The approach used earlier in the analysis of spike-induced unsteady aerodynamics
(Refs. 4-6) will be used to determine the convection velocity ﬁu' Thus, how _I}u
varies with sgike length is going to be determined through the spike efficiency as a
forebody drag reducer.

The stable and unstable flow conditions for a critical spike geometry (the crosses
and circles in Fig. 6) are illustrated in the top and bottom halves, respectively, of
Figure 5. Thus, the overflow mass flow being turned back in the unstable case is
transported upstream with the steady state convection velocity, Uu o’ existing at an
earlier t'me instant. It is assumed that the velocity Uu in Eq. (2) is proportional
to the mean convection velocity, ch, for the corresponding fictitious steady flow
condition#. This steady state convection velocity ﬁuc will decreasc with decreasing
spike length since the back-flow-driving pressure rise wrough the reattachment shock
is decreasing (Fig. 8). In Figure 9 the hypothetical steady state flow case is repre-
sented in idealized form. It is assumed that for the spike lengths of interest the flow
profiles in the top half of Figure 9 remain similar. An equivalent flow geometry,
from drag reduction standpoint, is sketched in the bottom half of Figure 9. Using it
the maximum drag reduction, obtained with the longest spike that will retain flow

separation from the spike tip, can be expressed as follows:

(ACAO)MAX - (ﬁo)imx U @

#Kabelitz (Ref. 8) has shown that application of steady flow parameters to the unsteadyv

flow works well,

2-3

LOCKHEED MISSILES & SPACE COMPANY. INC.




LMSC-D057194

Neglecting density variations between different flow profiles ihe drag reduction
for a less than optimum spike length can be written

AC A~ (ﬁ°)im . g2 (4)

This is due to the fact that the flow reattachment on the cylinder face remains at
the same near-shoulder locaticu also for the shorter spike.

According to the assumption of similar flow profiles the following holds for real
and idealized flow geometrics.

(ch)MAX/(Ue)MAX = ch/ Ue 5)
(ch)MAXIUoo = ch/ v
Eqs. (3) and (5) give the following definition of U/U_
T/u = [ac (AC ) 1/2 (6)
g [ A0 4 MAX]
With U ~ U Eqgs. (5) and (6) give
ﬁu/ (Ou)max = T/U, =]8¢, / (ACA) 12 ™
u o/ o/MAX
Finally, combining Eqs. (2) and (7) gives
1/2
Sts |20 ] )
Bisjopr | (4CaoMax
T T (8)
+ (Uu)MAX [1 _ Uu ]
Us ( u)MAX
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In order to obtain information about AC Ao/ (AC Ao)MAX one ha: to study
geometrics that allow steady flow ior the (LS/D) - .ange of interest . Spikzd bodies
with rounded (e.g., spherical) shoulders form one such family (Ref. 10). From an
earlier study (Refs. 5-7) the results shown in Figures 10 and 11 were obtained.
Using the linear representation in Figure 11 one can write Eq. (8) as follows:

_ _ 1/2
Sps* _ Brsoer _ [(L) (;_Ash)] )
5 5 = ==
LS LS D/opyp/ \D D

For flat-faced bodies with thin pointed spikes L/D can be substituted with Ls /D.
Pulsating flow data for such bodies (Refs. 20 and 21) give the results shown in Fig-
ure 12. The data have been normalized to the reattachment conditions for the optimum
spike length using 73. (9). The data are seen to scatter around a straight line, The
decrease of SLS* with increasing (LS/ D - Ash/D) reflects the fact that the second

term within the "arrow-bracket' in Eq. (8) decrcases as ﬁu/ I—Ju MAX increases with
increasing spike length. The results in Figure 12 together with Eq. (9) define SLS

as follows:
G1/2
S o = —32 [E-E] 1-0.14 (I;S--A——Sh) (10)
LS L /D)'1'7—2 D D : D - D
S OPT

The experimental results in Figure 10 can be approximated as follows:

Dfopr \P/opr

For the bluff geometrics producing pulsating flow a good approximation of the
(no spike) shock detachment distance is the following (Ref. 22).

A A 1/2
sh _ P
——‘D = 0,515 / (5'— - ) (12)

o0

1.6(1+0.1M ) : M, =11.3

3.4 c M >11.3 (11)
o0

where 3/p00 is the density ratic through a normal shock.

#Kabclitz {Ref, 8) has shown tat anplication of steady flow parameters to the
unsteady flow works well,

[ V]
1
[}
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Combining Eqs. (10) - (12) gives the SLS - p-edictions shown ir Figure 13 for
Meo =2, 4, 6, 8, 10, and . The agreement with av:!abie experimental data
(Refs. 11, 29, 21, 23-26) is generally very good. It is only Maull's single data point
(Ref. 11) that shows any substantial deviation. The reason for this is not known. The
results in Figure 13 are all for pointed thin spikes. If the spike has a blunt tip, e.g.,
a planar cut, the measured frequencies (Ref. 24) are higher tharn what is predicted by
Egs. (10) - (12)#. The reason for this is that the reaitachment conditions are those
corresponding to a longer pointed spike (see sketches ir ig. 14). In this case, and
also when a "hammerheaded" spike tip is used, one necds forebody drag measurements
in lieu of Eqs. (10 and (11) for the determination of SLS‘

It is clear that the similar profile assumption used to derive Eq. (10) is not valid
for short spike lengths. When LS/D exceeds Ash/D the established recirculatory
flow region starts out with a finite upstream convection velocity and not with Uu =0,
which is the value used in Eq. (10). Thai is, the predicted SLS
should be finite, not zei », when (LS/D - Ash/D) approaches zero. One way to accom-

- valies in Figure 13
plish this is to extend the predictions tangentially below a certain sl:ock penetration.

Judging by the exxrimental data in Figure 13 it appears reasorable to make this
linear extension fcr (LS/D - Ash/D) < 0.25. Thus Eq. (10) is modified as follows:

/2
(E_S__f_Sb‘ 1-0 14(3-‘__8. __.____A5h> . :_S._ASh > 0.25
~ 0.32 D~ D T \D "D /PP DT D gt
Sis (—71,—77— | L (13)
L y L. A A
s/ iHpT [ .(_s sh) s “sh
0.26 l1+ 3.46 (-4 /J D 5o =0.25

The similar flow profile assumption also breaks down at the other end of the
(L../D - Ash/D) - range. For deep spike penetration the reattachment conditions

approach a constant value. FEq. (2) shows that {or ffu = conotant S, o = constant.

1.5

#It shouid be noted that Maull (Ref. 11) used a pomnted spike, and that no corner
roundness is present for the dat: point shown in Fig. 13,

S-h
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*
This constant value for large spike lengths is SLS . Figure 11 shows that in the
lineer approximation AC, = (AC Ao)MAX when

s dan 2 (_‘:) a9
D "D ~3\D)ypr

Together with Eqs. (10) and (11) Eq. (14) gives

S, = 0.26-0 024(?—3—) (15)
LS ' " \DJopT

b 3
Combining Egs. (11) and (15) gives SLS as & unction of Mach number (Fig. 15).
*
As this SLS is for flat-faced cylinders, Figure 15 represents the maximum
Strouhal number for all spike-induced flow pulsations. Figure 11 shows that the de-

viation from the linear relationship, and the associated similar flow assumption,
Eq. (1V), begins at

Ls Agn _ Ls
D~ - ¥l (16)
OPT
* 3 —
Letting S, ¢ reach S;o ina smooth high order fasion for LS/D - Ash/D =
(Ls/ D),pr 8ives the following modification of Eq. (13)
- Lo AL L, A
0.03556 . S Tsh . .S “sh _1
12 [1+d'46(D-D)J P DD <4
L

* * D D “\D/oPT S “sh
SLs ‘(SLS ‘SLS,) <LS) DD ~X
0.5\ JopT | (17)
2-7
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where (Ls
0.059 == (1-0.14 xL)

_ D )OPT
- - { *

Xy (SLS - Sis L)

X, = 0.45 (LS/D)OPT
F
S;g = 0.260-0.0535 X,
sLSL = 0.214 - 0.030 X,

Figure 16 shows the predictions by Eq. (17) compared with the experimental data
‘Refs, 11, 20, 21, 23-26), As most of the experimental data fall in the region for
which Eq. (10) js valid, 0.25 < (LS/D - Ash/D) < 0.45 (Lg/D)py the improvement
in agreement h-tween experiment and theory is not very striking when comparing
Figs. 13 and 16. If the main body face is not flat but of some convex geometry, an
effective spike length L can be defined as the axial distance between spike tip and
reattachment (see inset in Fig. 10). In this case the reattachment diameter D may
also be significantly different from D, Thus L/D has to be used instead of LS/D.

2.3 Effect of Forward Facing Cavity

When the face of the main (spike-supporting) body consists of a thin-lipped forward
facing cavity, the pulsating flow condition persists even for long spikes that would
produce stable flow on a regular flat faced body (see Rei. 27 and Fig. 17). It is clear
that the depth (h C) of the cylindrical cavity should be included in the characteristic
length when defining a Strouhal number for cavity-spike geometrics. This effective
Stiuuhal number (§l S) should approach that for regular spiked bodies (SLS) when the
cavity depth (hC) goes to zero, n.b. provided that pulsating flow would exist for the
regular spiked-body geometry. In view of this it appears reasonable to let this union
between §LS and SLS take place at the break-away point definec by Eq. (16).

The break-away for the regular spiked body occurred because SLS was approach-
*
ing an upper limit (SLS ) when the spike length was increased further, « limit that
never is realized because the flow becomes stable before the optimum spike length is

approached. For the cavityv-spike geometry the break-away will be in the opposite

2-8
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direction. As more and more mass flow is captured by the sharp cavity rim with
increasing spike length, ﬁu in Eq. (2) continues to increase . If one assumes that
this increase occurs in a (locally) linear f.zion the break-away takes the simple
tangential form and Eq. (13) is modified as follows:

D
Lg Be &gy 4
=+ ===
DD~ D — 4
1/2
($+ h_c_ﬁ) 1-0.14 .L_S+ h_C_._ASh)
D D D “\D "D "D ’
§ 0.32/ L hC A
LS 1/2
L./D 1.8, C “sh
(s )OPT +<p*p -1 <X
Y S P L L A LY
2 | e it} < 172 D*D "Dl
2
L_S~ h_C __ASh >X
D D~ D ~%
where X, = 0.45 (Lg/D)qpr (18)

Figure 17 shows that the predictions through Eq. (18) are in good agreemeat with
the experimental results obtained by Hermach et al (Ref. 27). Also shown in Fig-
ure 17 is one data point for the empty SRM shell "flying backwards.'" In what follows
it will be explained how this data point was introduced into the graph of Figure 17.

Johnson (Rei. 28) has performed tests at high Mach numbers, M_ > 21.6, of an
unspiked forward facing cvlindrical cavity. He shows that the flow is stable and the
shock configuration can not be distinguished from that of a flat faced cylinder. This
is for « =0 and no mass addition into the cavity. When mass addition is provided
through an orifice in the center of the cavity bottom, this ''fluid spike'" starts a

pulsating flow phenocmenon. In difference to that observed by Hermach et al on the

#Provided that the cavity depth is fuily effective, i,e., for hC/D < 1,

2-9
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spiked cavity (Ref. 27), this pulsating flow phenomenon is asymmetric and nonpericdic.
Johnson describes it as follows: ''shock bulges out on one side but the asymmetry
rotates." The statement about non-periodicity should be judged against the fact that
only high-speed mction pictures were used to arrive to this conclusion. Demetriades
(Ref. 26) has observed a similar asymmetric pulsating flow phenomenon on a stubby,
tension-shell-like, spiked body. He finds, using fluctuating pressure data, that also
this rotating-pulsating flow phenomenon definitely is periodic.

When Johnson (Ref. 28) changed the cavity geometry to a conical shape, the flow
again was steady without mass addition but became unsteady when the ""fluid spike"
was present. In this case, however, the asymmetric flow phenomenon does not
rotate. Johmson's description is: 'part of the shock is fixed, extending into the
cavity; other part of shock snaps in and out."” These same words also describe what
one sees in the flow photographs for the pulsating flow phenomenon on the SRM nozzle
in Figure 2, and on the hollow skirt of a Polaris re-entry body in Figure 18 (Ref. 29).
In these latter cases the asymmetric flow pulsation is started when at a certain flow
inclination the windward branch of the bow shock jumps inside the conic cay 'ty (see
Figs. 2 and 18). The sketch in Figure 19 illustrates how this flow pulsation at non-
zero angle of attack (Fig. 19a) is the "asymmetric equivalent"” to the pulsating flow
existing at « =0 for a spiked cavity (Fig. 19b). The sketches show the hypothetical
unstable reattachment conditions starting the pulsating flow.

In the case of the spiked cavity the most forward extent of the pulsating separated
flow region is determined by the spike tip. This is als. true for a regular spiked
body, in which case the smaliest forward extent is obtained when the spike just pene-
trates the no-spike bow shock, i.e., LS = A sh for pulsating flow. Figure 2 shows
that the distance between the most forward and aft positions of the pulsating strong
shock (with associated separated flow region) is approximately equal to the shock
detachment distance for stable flow at o =0, It therefore seems reasonable to as-
sume that the "effec.ive spike length" is LS =k Ash' The results in Figure 2 give
k =1, and for lack of more extensive test results this value will be used in the present

2-10
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analysis.* Thus, the SRM-nozzle data point in Figure 17 was obtained from the
measured Strouhal number (SD)SRM =0.18, based on the SRM-diameter, by convert-
ing it. & an effective spike Strouhal number SLS through the following relationship.
D, (hc Ash D_E_)

(19)

5, = e o— (1S
s = Gpsrm D \B; * D Dy

fal sh/‘t) is obtained from Eq. (12). DI is the mean## internal nozzle diameter and

DE is the maximum external body diameter in the exit plane (i.e., including skirt).

{ .4 Control of Pulsating Flow

I may be desirable to change the frequency of the flow pulsations to avoid reso-
nance with a structural frequency. How this can be done by changing spike and/or
cavity geometry is shown by the analytic formulas developed earlier in subsections 2.2
ard 2.3. If the change is large enough the more dangerous puisating flow phenomenon
t1 mnsforms into oscillations or possible to steady flow* (see Fig. 4). Rounding the
fare shoulder (Ref. 11) or decreasing the cone angle from QN =90° (Ref. 8) are
ef.ective means for stopping the flow pulsations. When these straightforward control
m asures do not suffice, one has to use more sophisticated means. Obviously the
reattachment pro- .5s and associated unstable flow phenomena are very much dependent
upon {he character of the impinging free shear layer. If the shear layer profile is
stretched, the reattachment conditions at the shoulder of a spiked body may approach
those 1>r a small protuberance in a thick boundary layer (Refs. 30 - 32). Sucha
change of the free shear layer profile is obtained by increasing the Mach number and/

or decre:.sing the air dersity.

*Although k should be dependent on at what «' the pulsations occur, the a'-range
soems to be limited to 35° < «'< 45° (Figs. 1 and 2), and a k-value independent of
" car be used.

##Volume wise, tlat is. It is the diameter marked D in Fig. 17.

*Kabelitz' vil rations are included in the "steady flow' nomerclature used in the
prese “1 port.
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Figure 20 shows how the reattachment configuration on a flow separation disk
undergoes this type of shear layer thickening when the Mach number is increased
above M_ =5 (Ref. 5). The absence of the strong reattachment shocks at the disk
rim for M_ > 5 cignifies a loss# of the discontinuous or highly nonlinear disk loading
which causes dynamic instability” at M_ < 5. Reeves (Ref. 27) has determined the
critical shear layer thickness for this change from stable to pulsating spike-induced
separated flow using the experimental results obtained by Maull, Mair, and Wood
(Refs. 11, 23, and 34 respectively). (See Fig. 21). The results obtained by Maull
and Wood are for laminar flow, and for LS/D ~2.3. Thus, JSL/D in Figure 21 is
in that case a measure of the vorticity of the laminar shear layer at reattachment,

If one considers the spiked-body f'ow as a special case of cavity flow, one would
expect the shear layer to have a two-dimensional character. That is, it should in-
crease as x1/ 2 , just as the laminar boundary layer. The laminar boundary layer
thickness on a cone varies with edge Mach number as follows (Ref. 35).

5L = 5(0) [1 + K Me2] (20)

which suggests that

() (M) é 0)
SL ‘e _ 'SL 2
5 = 5 [1 + Kgp M, ] (21)

For the solid line curve shown in Figure 21 6SL (0)/D = 0,0165 and KSL =0.11.
Thus, Figure 21 indicates that for Lg/ D=2.3 and 6, =90° the critical value of the
shea ~ lay=r vorticity is ind. pendent of free stream Mach number.## The corresponding

critical shear layver edge Reynolds number at reattachment is
Re = (0.29 0.06) x 10°
( SL)crit * :

It is shown by Kabelitz (Ref. 8) that for Mach numbers at or below M, =2 the
experimental data scatter as much as a factor of 2 or more in regard to the value of

#The static effect is the opposite, i.e., statically stabilizing, which is explained at
length in Reference 5.

##LS/D is an important parameter in addition to its influence on Me in Eq. (21).
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(LS/D) erit for similar Reynolds numbers. Thus, it probably is coincidental that
Mair's data point,(LS/D)crit =1.3 for M_ =1,96, fits on the curve in Figure 21.
Another way to accomplish this stretching of the shear layer profile is to use a
"hammerhead" spike tip and let the mixing with the "'dead air' base flow region do
the work, Beastall and Turner (Ref. 36) have demonstrated how this can eliminate
the flow unsteadiness (Fig. 22). Reeves accomplished the same thing by letting a
ring suspended in the shear layer (upstream of reattachment) do the mixing (Ref. 33).

In the case cf the forward facing cavity, e.g., the empty SRM-nozzle (Fig. 2),
control of flow pulsation can also be carried out in a manner similar to what has been
discussed for the spiked body. Although the frequency dependence on geometry is
less well established it should often be possible to make sure *hat resonance with a
structural mode is avoided by using Eqs. (13) and (19). In regard fo the possibility
to inhibit or moderate flow pulsations both external and internal nozzle geometry are
important. It is clear that steady flow can only exist as long as the bow shock stays
external to the nozzle. The maximum flow inclination for which tiis will occur can
be increased by "bluntening up" the nozzle exterior. When the unsteadiness finally
occurs at a higher flow inclination than before, the associated unsteady loads should
be less than before. Using the projected free stream velocity component on the noz-
zle axis as a measure one would expect the sound pressure level to vary as the n'th

power of the cosine of the flow inclination, where n > 1.

The internal nozzle geometry has also a large influence on the pulsating flow
phenomenon. It was discussed earlier what the effect was of going from a cylindrical
to a conic cavity. Johnson (Ref. 28) also showed that a hemispherical internal nozzle
shape caused flow unsteadiness even without mass addition. The unsteadiness was of
the rotating type observed on the cylindrical cavity with mass addition except for
"snaps into stable position for short intervals.'” With mass addition in the center of
the cavity bottom a seemingly steady asvmmetric bow shock configuration was obtained
(at o = 0) which looked very similar to the "end-stroke position (most forward) of the
bow shock geometry obtained on the SRM-nozzle at large flow inclination (Fig. 2).
Johnson's results are for extremely high Mach numbers, Mco > 21. dowever, simi-

lar results for hemisphere cavitics have been obtained in other investigations at
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supersonic Mach numbers (Refs. 37 and 38)., At M, =1.98 Cooper et al (Ref. 37)
tound a pseudo-stable flow condition, i.e., the bow shock would stay in the symmetric
or asymmetric configuration for long time periods with the change between the two
states coming at random intervals (Fig. 23). Markley (Ref. 39) could, however,
only obtain the symmetric stable shock configuration. At M_ =4.95 Cooper et al
obtained the oscillatory asymmetric pulsating shock configuration that Johnson ob-
served (Ref. 28). The Strouhal number based on face diameter was SD =0,099.
Demetriades (Ref. 26) and Cassanto et al (Ref. 40) have tested tension shell type
geometrics that combine some of the geometric features of spiked bodies and forward
facing cavities (Fig. 24). The data points for the regular symmetric pulsating flow
phenomenon agree well with the predictions from Eq. (17), as does also the experi-
mental data obtained by Baltakis (Ref. 41). Both Demetriades and Cassanto e? al
observed also an asymmetric pulsating flow phenomenon very similar to that discussed
here earlier for forward facing cavities. The frequency of this rotating (according to
Demetriades) or rocking (according to Cassanto et al) pulsating flow phenomenon was
observed to be half that of the symmetric pulsating flow. Using Eq. (18) one computes
g = 0.088. Using
half this frequency# gives SD = 0.088 which is in rather good agreement with the
=0.099 msasured by Cooper et al (Ref. 37).

for a hemispherical cavity at Mw = 4,95 the Strouhal number SL

value SD
Stallings and Burbank (Ref. 38) observed at Moo =2.49 and M_ =3.5 the same
pseudo-steady bow shock condition that Cooper et al (Ref, 37) found at M, =1.98,
and obtained the asymmetric flow pulsation at Mw = 4,44 for the whole angle-of-
attack range tested, 0 < o =< 15°, However, they did not measure the frequency of
the flow pulsations. This unsteady flow phenomenon is of great concern when design-~
ing a drag device for use at supersonic speeds (Ref. 42). In that case the design
solution is to combine the "hammerheaded" spike tip effect (Fig. 22) with an opening
for partial through-flow at the bottom of the cavity. Although it is obvivus that viscous
effects play a dominant role in setting up these unsteady flows, there is some indica-

tion that unstable inviscid flow processes also play a role (Ref. 43).

=
=

A B 1

S -
D -p - 5 in Eq. (18).

h
LI C
Noting that DD =
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In the case of the SRM-nozzle "flying backwards" (Figs. 1 and 2) some ''through
flow" at the base of the cavity is a possibility. However, it will more than likely be
of much more complicated character than in the case of the ""through flow" parachute
(Ref. 42). From geometric conside *ations one is likely to incorporate a new unsteady
phenomenon, that associated with the so~called resonance tube (Ref. 44). This will
also be the case if the cavity is not shallow, as has heen assumed in the discussion so
far. Figure 25a shows a series of [low photographs illustrating the various stages in
one cycle of the oscillaiion taking place in the two-dimensional resonance tube used by
Vrebavolich (Ref. 44). The "flow trip" starting the oscillation, or at least greatly
amplifying it, is a two-dimepsional spike or what Vrebavolich calls a "wing-trip."
Frame 1 shows the "swallowing' of the normal shock with completely separated flow
up to the spike tip. In Frame 2 the spike flow is almost fully attached while the shock,
after reflection off the bottom of the tube, is moving upstream, This is the compres-
sion phase of the oscillation (see Fig. 25b)#. In Frame 3 the shock is being "spilled"
starting the spike flow separation which in Frame 4 has reached the spike tip and
remairs there in Frame 5, while the tube is still "spilling" air., Ir Frame 6 the ex-
pansion or ''swallowing" phase is just about to begin. Figure 25b shows that the strong
shock reached the spike tip between Frames 5 and 6, as is indicated by the steepening
of the spike tip shock (strength) (see top graph in Fig. 25b).

Comparing Figure 25a with Figure 3a one can see great similarities. The big
difference is that in Figure 25a, i.e., in the presence of a very deep forward facing
cavity, the period of the oscillation cycle is determined by the filling and spilling
process of the tube or cavity. This time period is that corresponding to the organ
pipe oscillation with the wave length equal to four tube leng‘ths##. Thus, the core-

sponding Strouhal number is in this case

fh 1/2 1/2
i) ]
o0 (y-1) M00

#The numbers in Fig., 25b indicate where the flow pictures in Fig. 25a belong.

##This is with the tube closed at the downstream end. With it open the wave length for

the ground tone would be two tube lengths.
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With hC = 10 inches the measured frequency (Ref. 44) gave f hC/Uoo =0,122

whereas Eq. (22) g..es f hC/Ua0 = 0,130, Using Eq. (22) one obtains for S

1/2 1/2 L
= _1 (r- 1) 2 ( s)
S = 1+ —2 1+-= (23)
Ls 2 \7+1 [ 7 -1) Mw2] b

In Figure 26 the experimental results for M_ =3.5 and LS/D =0.9 (Ref. 26)
are compared with the predictions obtained from Eq. (18) and Eq. (23). It is obvious
that for shallow cavities, hC/D < 1, the convective processes dominating the spiked
body flow pulsation still are in control. For deep cavities, hC/D > 1, the acoustic
fill-spill cycle of the cavity, the organ-pipe phenomenon, takes over the control. It
is worthwhile noting that the asyraptotic value §LS =0.121 is the constant value that
would apply if one assumed that the flow recirculation on the spike alsc was acoustically
controlled. It is clear that this cannot be the case, especially when considering the
rest of the experimental data (Fig., 17). One would be inclined to conclude from Fig-
ure 26 that as long as the convective flow processes on the spike anu cavity inlet
(shallow cavity) are slower than the acoustic processes in the rest of the cavity (deep
cavity), the flow oscillation frequency is given by Eq. (18). Conversely, when the
acoustic cavity process takes the longest time (hC/ D > 1.15 in Figure 26) the oscil-
lation frequency is given by Eq. (23) or Eq. (22).

Figure 25a illustrates the situation often existing for supersonic inlets, a simi-
larity that has been utilized to analyze inlet buzz (Ref. 45). To wnat extent it applies
to the interference flow field between orbiter and booster (HO tanks and SRM's) on the
space shuttle launch vehicle is a moot question because of the spanwise spillage and
the presence of exhaust plumes (Fig, 26), The flow in deep forward facing cavities
can also become oscillatory without using the spike as a tripping device for the un~
steadiness. The higher than stagnation value heating of the bottom of these resonance
tubes have very useful practical applications, and extensive studies have been made
of them. A recent review of the field is contained in Reference 46, which also shows
that the oscillatory flow exists even at high subsonic speeds, i.e., in abserce of the
strong moving shocks iu the tibe which have been thought to be necessary. The
authors have no explan.:tion for this but speculate that there must bc some interaction

between viscous and acoustic processes (also in absence of shocks) that sets up the
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oscillation and associated heating amplification, which in their test was as high for
this subsonic condition as for the various supersonic cases investigated. In the um-
steady flow occurring in sideward facing cavities the situation is somewhat similar to
that for spiked forward facing cavities, i.e., convective shear layer processes compete
with cavity acoustics in regard to the control of the oscillation and its frequency.

(See Ref. 47 for a thorough and up-to-date review of the field.) The flow oscillations
are only observed in what Charwat et al (Ref. 48) have termed "open cavities," i.e.,
cavities in which flow reattachment occurs only on the downstream cavity shoulder#.
Thus, it is not surprising to find that a softening of this reattachment through slanting
the aft cavity wall back. ards is the most effective means of suppressing the oscilla-
tions (Ref. 47). The same was true for the spike induced oscillations (Refs. 8 and 11).

#This sets an upper limit on the length-to-depth ratio for the cavity.
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Section 3
UNSTEADY AERODYNAMICS

In earlier studies the effect of the spike-induced separated flow on the aerodynamic
damping has been determined (Refs. 5, 49, and 50), and in a more recent investigation
also the forcing function off "hammerheaded" spikes has been studied (Refs. 51 and 52).
In the present analysis only the unsteady aerodynamics of the ""backward flying' SRM's
will be considered.

3.1 Cavity Flow Pulsations

Figure 28 shows the innermost shock position before the start of a pumping cycle.
In Figure 28a the real flow is sketched with internal oblique shocks non-parallel with
the nozzle walls and with the normal shock a finite distance above the nozzle bottom.
In Figure 28b the idealized flow is shown with oblique shocks parallel with the walls
and the normal shock an infinitesimal distance above the "floor.' This is the
Newtonian type idealization. Using the definitions in Figure 29 and the generalized
embedded Newtoniar. theory of Reference 53 the analysis car proceed in the following

manner.
Assuming a two-dimensional tvpe behavior for the internal flow one can according

to Reference 54 assume that p U2 =P, Ufo and that Cpo is a function of x only.

Thus, with V; /U defined as before (see Ref. 53 with O =~ Op)-
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V. \2
(\L) '
Cot € T >
c,={ P Puax Yoo
C t P'<
o o< o
A1
AL o_ . . _ ' oo
v - sin ' cos fp sin ¢ - cos &' sin g (24)
tan 0
- w1 {_ 'R
¢' = sia (tana')
o' =T -
CpMszl.S

When the strong shock has passed upstream over the area element the pres
given by the normal shock relations (Ref. 18), In the case of steady hypersonic flow
the shock strength is

_ _4 1 . 4
Cﬁo_)'+1 (1- 2)"‘y+1 (25)
M
o0
In the nonsteady case the shock strength can be written
2
AM
4 NS
C = 1+ -———) (26)
Byg  7+1 ( M_

where AMNS > 0 for the pumping phase when the shock moves upstream and
AMNS < 0 for the expans.on phase when the shock moves downs .ream. For deeper
cavities the results obtained by Vrebavolich (Fig. 25 and Ref. 44) indicate the follow-

ing values Cﬁu and Cﬁ d for the shock strength during the upstream and downstream
movement respectively.

0 < Csd < 0.25 Cpo

(27)
Ca, < CA < Ca
pd pu po

w
U
0N
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Thus, the pressure on the internal nozzle wall will vary with time as is illustrated
in Figure 30. In the steady case the pressure is Cﬁo throughout the nozzle, where
Cﬁo < “ﬁu The pressure change in the unsteady case fro. .ae steady state level is
ACP = Cpu - Cﬁo’ where Cpu is given by either of Ens. (21), (26), or (27) depending
upon where 1n the oscillation cycle the nozzle is (Fig. 30). The corresponding change

in the strip loading is (see Fig. 29).

/1!’/2
(Chy = Cpddd 5 t,=t<ty

-m/2
dac /2
A 2 - . -
& C 5 ./ (Ba=Cpdd® 5 4 =t < (28)
-m/2
/2
f (C;)/-Cf)\o)d(b ; t2$t<t3

-m/2 X

/2
(Cp, - Cppsin & dp 5 t =t <t
-1/2
dAC m/2
N 2r - i . =
—~ = & x (Cﬁd Cf)\o) sin¢$ do ; t, st < t, 29)
-m/2 .
m/2 ,
f (C\é-—C&))smd)ddb ; t2$t<L3

-m/2
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Integrating Eqs. (2s) and (29) utilizing Eqs. (24) - (27) gives

C60~Cﬁu ; tOSt<t1
Cﬁo-cﬁd ; I’.1_<._t<t2
dAC
A 2rr C
—_— = = . 30
dr s X C&~Cm--%rmﬁ§[(g+w') (cosza'sin2 g 30)
1 .2 2 ) .
+ Esm o' cos OR) +-2-sm2a'sm20Rcos¢'] 3
\t25t<t3
0 : tost<1:1
dAC
0 ; L=ttt
= -5, x . 2 (31)
Pmax i . X
= t 2 i 2 s
(2 +¢ 2sm2<1>') 4sm2cz'sm2 GR
+ cos ¢' [cos2 o sin2 6r

+ sin? ! 0032 Or (1 --;;cos2 ¢')] H t2 =t <t

From Figure 30 one can define the time duration during one cycle for the differ-
ent pressure levels#.

(t, - 1:o)/T = (x * Ashy(hC Thg (L H E/Uoo)

(ty = /T =[x+ A5 Yo+ Ag) 1+ T_/0) (32)

(ty ~ tz)/T (hC - x)/(hC +agy)

#Note that the assumption of non-finite distance between normal shock and nozzle

bottom at the start of the cycle will have a nesligible influence on the computed time
average loads.
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I the nozzle walls are thin or the nozzle lips are relatively sharp one can neglect
(Refs. 53 and 54). This simplifies the computation of the time average load
change from the steady state condition. Combining Eqs. (25) - (27) with Eqs. (30)
and (31) gives the following integrated result,

. frDI2 D, cot O, d. d, 2
AC, = T5 T+ 2-3 13- |5
e+ Agy) I I

| S R snmes B e B — I o]

. C

8 {Cao- pl\:rAX (_;_r + 4)') (cosz2 o sin® 0%,

; L +%sm a' cos GR) sin 2 o' sin 2 g cos ¢'”

8 146 U U

—tan % ) | oo~ O * T G~ S|+ 52 ) ¢

= 2
__ mnlc D, h

L N S@hc+ay)\2 3
Do 1 1 4 2 ! aj 2

L -581112(1) —sin2a sin 2 6 + cos @' jcos” a' sin bR

- + sin? o' cos? 6r (1 -% cos? d)')” (34)

The corresponding change of the pitching moment is
ACm = (x- XCG) ACN

(35)

wQD
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tan
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Eq. (2) defines E/Uw = ﬁu/Uc0 as

A = [‘s}LS‘l - 1] - (36)

The discontinuous changes of the aerodynamic characteristics caused by the flow
pulsations are shown in Figure 31, complementing the Cm - results already shown in
Figures 1 and 2. The magnitude of the CN - discontinuity is not messurable, How-
ever the C A" and Cm - discontinuties are. Figure 32 shows the measured discon-
tinuities for three different nozzle geometrics (Refs. 2 and 3). Also shown are the
time average values predicted from the present analysis.# The agreement between
predicted and measured discontinuities is very satisfactory. Although it may be
desirable to be akle to predici these time average effects on the static aerodynamic
characteristics, the more significant impact of Figure 32 is that it lends credibility
to the very simple unsteady flow model suggested for the puls. ting flow process. Thus,
it should be possible to use the present model in an analysis to determine whether or
not the pulsating flow phenomenon w11l endanger the structural integrity of the rocket
nozzle on the jettisoned, empty SRM-shells.

# _ _ . _—_
From Eq. (27) the values Ca q 0 and Cﬁu = Cﬁo were chosen for simplicity.
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Section 4
CONCLUSIONS

A study of the unsteady aerodynamics of bodies with concave nose geometrics has

shown the following.

The spike-induced flow separation remains steadv as long as the recompres-
sion at reattachment can be accomplished by (a series of) obliqgue shocks.

This is the case if either the spike is long enough or the surface inclination
at reattachment is mild enough.

No unsteady spike-induced flow separation exists if the Reynolds number is
below a critical value or the free shear layer is thicknened artificially to a
corresponding degree.

If the face is in lined forward, creating a forward facing cavity, the unsteady
spike-induced flow separation persists even for very long spikes.

Unsteady flow exists on forward facing cavities even in absence of a spike.

At zero angle of attack without mass addition it has been observed only for a
herievherical cavity. However, at moderately high angles of attack (at
which the windward branch of the bow shock moves into the cavity) a pulsating
flow phenomenon exists which is very similar to that obsexrved in cavities

with a flow separation spike present,

Simple analytic means are developed by which the experimentally observed
oscillation frequency of the pulsating flow c: 1 be predicted both for spiked

bodies and forward facing cavities.

The postulated mathematic model for the pressure time history of the pulsat-

ing flow gives time average results that are in good agreement with the meas-
ured discontinuities in static tests. This strongly implies that the structural

integrity of the SRM-nozzle in presence of pulsating flow could be determined
analytically.
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Appendix A
NOMENCLATURE

axial force: coefficient C A= A/(poo Uw2/2) S

speed of sound

reference length (SRM-diameter)

body diameter (Fig. 10)

reattachment diameter (Fig. 10)

idealized reattachment parameters (Fig. 9)

internal nozzle diameters (Fig. 29)

diameter of flat face area (Fig. 11)

spike diameter (Fig. 10)

oscillation frequency

cavity depth (F.5. 17)

boundary layer parameter, Eq. (20)

free shear layer parameter, Eq. (21)

spike length definitions (Fig. 10)

spike length for flat faced bodies, Lg=L =L

Mach number, M = U/a

pitching moment: coefficient Cm = Mp/ o Uw2/2) Sc
normal force: coefficient C = N/(poo Uooz/Z) S
static pressure: coefficient Cp =( - poo)/ (3 Uw2/2)

blast wave pressure
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sh

SL

> D@

R}

Reynolds number

Re based on D and free stream conditions
radius of shoulder roundness

reference area, S = mc’/4

Strouhal number, Sp = fD/Uw, Spg=f LS/ U
oscillation period

time

iime lag

axial velocity

velocity component normal to surface element
parameter defined in Eq. (17)

axial body-fixed coordinate (Fig. 29)
angle of attack

ca-complement, o' = T- «

ratio of specific heats, ¥ =1.4 in air
increment

shock standoff distance

bcundary layer thickness

thickness of free shear layer

spike tip cone angle (Fig. 10)

slope of nozzle wall (Fig. 29)

air density

azimuth (Fig. 29)

¢p-value for Newtonian shadow, Eq. (25)
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Subscripts

external

edge of boundar: laver or free shear laver
effective value

internal

linear-tangential extension
maximum

nonsteady

optimum

spike

shear laver

Solid Rocket Motor

upstream

upstream convection

phases in oscillation cyele (Fig. 30)

free stream condition

Superscripts

value (hypothetical) for optimum spike length

barred quantities denote integrated mean or time average values
"roof'" indicates value behind a normal shock

"inverted roof' indicates embedded Newtonian value
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Figure 2 Shadowgraphs of SEM Flow Field at = 3,48 and
1407 & g o 1RO :

Pl

I Missn HOSPACE COMPANY O NG




S R A R A S SO .

=

LMSC-D057194

NG

=8 9% and o =10

e
S

o
o

D
L
i

L

Wm
|

e

Ficlds at M

b

-

z
=
=
5

o

d

e e
=

e

LOCKHEED MISSILES & SPACE COMPANY.

e

.
o
L

i
A s

i

i
.
.

i
g
i

B

. ssdssialin e e B
- e

i

S e B T S T 25
- ... =
.= -

.-

Figure 3 Shadowgraphs of Spiked Bo

i

i

i

A A

Fae S s s s Sty




TR S Y SRR AR LTI,

y wen

P LT

LMSC-D057194

PULSATION

OSCILLATION

VIBRATION

Figure 4 Classification of Spiked Body Unsteady Flow Fields

F-4

LOCKHEED MISSILES & SPACE COMPANY. INC.



LMSC-D057194

ATTACHED SHOCK —™

ch

~——
\\
-

DETACHED SHOCK ——=

Figure 5 Stable and Unstable Spike-Induced Separated Flow

F-5

LOCKHEED MISSILES & SPACE COMPANY. INC.



LMSC-D057194

0,501
: O OSCILATORY FLOW
: X STEADY FLOW
]
0.375 x
a
= 0.25}——0
0.125

Figure 6 C(ritical Spiked Body Geometry

F-6

LOCKHEED MISSILES & SPACE COMPANY.

INC.

\{” R |



LMSC-D057198

—a  STATIONARY FLOW

g POSSISLE PROPAGATION
OF FPERTURBATIONS

Figure 7 Definition of Flow Regions

F-7

LOCKHEED MISSILES & SPAC COMPANY. INC.



o ovar o

LMSC-D057194

Figure 8 Effect of Spike Length
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Figure 23 Pseudo-Stable Flow Configurations for Forward Facing
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Figure 28 Idealized Moving Shock Process in the SRM Nozzles
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Figure 29 Definition of Nozzle Geometry
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